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Abstract
Hedgehog (Hh) proteins play diverse organizing roles in animal development by regulating gene
expression in responding cells. Several components of the Hh signal transduction pathway have been
identified, yet their precise role in mediating the various outputs of the pathway is still poorly
understood. The Gli homolog Cubitus interruptus (Ci) is involved in controlling the transcription of
Drosophila Hh target genes and thus represents the most downstream component known in this
pathway. We address the question of whether the Hh pathway is distally branched or, in other words,
whether the regulation of Ci activity is the sole output of Hh signaling. Putative Ci-independent
branches of Hh signaling are explored by analyzing the behavior of cells that lack Ci but have
undergone maximal activation of the Hh transduction pathway due to the removal of Patched (Ptc). The
analysis of target gene expression and morphogenetic read-outs of Hh in embryonic, larval and adult
stages indicates that Ci is absolutely required for all examined aspects of Hh outputs. We interpret this
as evidence against the existence of Ci-independent branches in the Hh signal transduction pathway and
propose that most cases of apparent Ci/Gli-independent Hh output can be attributed to the derepression
of target gene expression in the absence of Ci/Gli repressor function.
INTRODUCTION
The development of multicellular organisms is governed by
cell-cell communication. During all stages of animal
development, cells influence each others fate and behavior by
sending and receiving extracellular signals. Despite the
countless and diverse instances of cell signaling, animals use
a surprisingly small repertoire of signaling molecules. One of
the most remarkable discoveries of the past decade is the
finding that members of the EGF, FGF, Wnt, Hedgehog
(Hh) and TGFb families of secreted peptides account for
innumerable cases of embryonic cell communication events
(reviewed by Kingsley, 1994; Mason, 1994; Hammerschmidt
et al., 1997; Schweitzer and Shilo, 1997; Wodarz and Nusse,
1998). Hh signaling, for example, has been shown to pattern
Drosophila segments, wing, leg, eye, and regions of the brain.
In vertebrates, Hh is involved in the specification of left-right
asymmetry, and it patterns the ventral neural tube, adjacent
somites, limbs, eyes, hair and lungs (reviewed by Lawrence
and Struhl, 1996; Neumann and Cohen, 1997; Ingham, 1998;
Ruiz i Altaba, 1999; McMahon, 2000).
An intriguing question raised by these findings is how a
handful of signals can elicit such a large repertoire of cellular
responses. Among many conceivable explanations, we analyze
the possibility that the pathways transducing these signals are
bifurcated and hence contain multiple cytoplasmic and nuclear
endpoints. We focus on the Hh pathway for which this
possibility has been proposed in several instances. Below we
briefly outline the mechanics of Hh transduction and
summarize the experimental findings that have been taken as
evidence for a distal bifurcation in this pathway. We then
describe our strategy to scrutinize this conception.
The most upstream events in Hh signal transduction are
mediated by two multi-transmembrane-domain proteins,
Patched (Ptc) and Smoothened (Smo). In the absence of Hh,
Ptc inhibits the latent signaling activity of Smo. The binding
of Hh to Ptc reduces this inhibition and allows Smo to be active
(reviewed by Alcedo and Noll, 1997). In a poorly understood
manner, Smo activity is transduced intracellularly by several
components, among them Cos2, Protein kinase A, Fused,
Su(fu) and Slimb (reviewed by Ingham, 1998). The distal most
element known in the Hh pathway is the zinc-finger protein
Cubitus interruptus (Ci), the Drosophila homolog of the
vertebrate Gli proteins. Ci appears to mediate most of the Hh
signal from the cytoplasm to the nucleus where it directly
regulates the transcription of target genes (reviewed by Aza-
Blanc and Kornberg, 1999). In the absence of Hh signal, Ci is
proteolytically cleaved to a 75 kD repressor form (here referred
to as Ci[rep]). In the presence of Hh signal this cleavage is
prevented and Ci instead functions as a transcriptional activator
(Ci[act]; Aza-Blanc et al., 1997; Méthot and Basler, 1999).
However, five reports suggest that there are Ci/Gli-independent
mechanisms of Hh signaling:
(1) Proper response of chick embryonic tissue to Sonic
hedgehog (Shh) requires the activity of the talpid3 gene (Lewis
et al., 1999). In talpid3 mutant limb cells, expression of the Shh
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target genes ptc and gli1 is reduced, mimicking a ‘loss of Hh
signaling’ situation. The polydactily and ectopic expression of
other Hh target genes associated with the talpid3 genotype,
however, resemble a ‘gain of Hh signaling’. These opposite
phenotypes have been interpreted as evidence for a bifurcation
in the Shh signaling pathway, in which Talpid3 would function
in one of two branches (Lewis et al., 1999). 
(2) A Shh-response element was identified in the COUP-
TFII promoter (Krishnan et al., 1997a). This element is Shh
responsive, even in the presence of protein synthesis inhibitors
(Krishnan et al., 1997b). No DNA-binding site, however, was
present for Gli proteins. Hence it was concluded that the
response to Shh is channeled through a protein with DNA-
binding activity unrelated to that of the Ci/Gli family of
transcription factors (Krishnan et al., 1997b). 
(3) Similarly, a 150 bp element was identified in the wingless
(wg) promoter, which is highly conserved in other Drosophila
species (Lessing and Nusse, 1998). The activity of this element
depends on Ptc activity, but it contains no consensus Ci-
binding sites. Likewise, it was concluded therefore that Ci
cannot be the sole endpoint of the Hh pathway. 
(4) The formation of the larval light-sensing organ in
Drosophila (Bolwig’s organ) and the expression of atonal in
its precursor cells are dependent on the Hh signal and on Smo,
but apparently not on Ci (Suzuki and Saigo, 2000). These
findings were taken as evidence of Ci-independent Hh
signaling and it was concluded that a considerable diversity
must exist in the downstream pathway of Hh signaling in
Drosophila (Suzuki and Saigo, 2000). 
(5) A very recent study by Gallet et al. suggests that also
some aspects of the embryonic transcription of wg and
rhomboid are regulated by Hh in a Ci-independent manner
(Gallet et al., 2000). 
(6) Finally, embryos mutant for ci have a much milder
segment polarity phenotype than embryos mutant for hh
(Nüsslein-Volhard et al., 1984; Slusarski et al., 1995; our own
observations, see Results and Fig. 6B,C). The weak phenotype
of ci mutant embryos can be taken as evidence that a gene
product other than Ci is able to transduce part of the embryonic
Hh signal.
Evidently, a number of findings argue for a branching in the
Hh pathway and the existence of Ci/Gli-independent outputs
of Hh signaling. Moreover, some responses to Hh may require
no transcriptional output at all, and may have cytoplasmic
endpoints instead. Questions about branching and crosstalk in
signaling pathways are by no means unique for the Hh pathway
(see for example Denhardt, 1996; Schamel and Dick, 1996;
Selbie and Hill, 1998; Zhang and Derynck, 1999; Zwick et al.,
1999). We have chosen the following genetic approach to
address them for the Drosophila Hh pathway. We wanted to
maximally activate the pathway, while at the same time closing
its main outlet valve. To activate the Hh pathway, Ptc is
removed by genetic means. This is, to our knowledge, the most
powerful and most upstream means by which to activate the
Hh pathway. If at the same time Ci is also removed, we can
ask what, if any, aspect of the Hh signal can still be detected
at various stages of development.
Surprisingly, but unambiguously, we find that Hh acts
obligatorily through Ci, in each situation analyzed. We
interpret this as strong evidence against a distal branching
in the pathway and conclude that any parallel pathway
downstream of Smo must converge at Ci. While our results
show that Hh does not have any effect on target gene
expression in the absence of Ci, they also indicate that the
opposite is not the case. Ci can exert effects in the absence of
Hh signaling and we attribute this activity of Ci to its default
function as a transcriptional repressor. The presence and
absence of this repressor function in hh versus ci null mutant
animals, respectively, may be the main source for the numerous
reports claiming Ci-independent Hh outputs.
MATERIALS AND METHODS
Alleles
Alleles used in this study were as follows: ci94, a null allele of ci
(Slusarski et al., 1995; Méthot and Basler, 1999); ptcIIW, a null allele
of ptc that does not produce detectable protein (Capdevila et al., 1994;
Chen and Struhl, 1996); ptcS2, which genetically behaves as a null
allele, but can still make Ptc protein (Phillips et al., 1990; Chen and
Struhl, 1996); hhAC, a null allele (Lee et al., 1992); and Df(2R)enE, a
deficiency that removes engrailed (en) and the closely related invected
gene (Tabata et al., 1995).
Transgenes and reporters
Transgenes and reporters were P[ci+], a 16 kb genomic ci fragment
that rescues ci94 animals (Méthot and Basler, 1999); P[hsp70-GFP]
(Méthot and Basler, 1999); P[ubi-nlsGFP], GFP under the control of
the ubiquitin promoter (Luschnig et al., 2000); dppP10638, referred to
as dpp-lacZ (Zecca et al., 1995); and hhP30, referred to as hh-lacZ
(Lee et al., 1992). 
Antibodies
Clones of mutant alleles were generated by Flp-mediated mitotic
recombination (Xu and Rubin, 1993). For analysis in wing imaginal
discs, larvae were heat-shocked in late first instar for 30 minutes at
35°C, and heat-shocked again in late 3rd instar phase to induce marker
gene (hsp70-GFP) expression. Following a 1 hour recovery period,
larvae were dissected, discs were fixed and stained with the
appropriate antibodies. The following antibodies were used: mouse
monoclonal anti-Ptc (gift from I. Guerrero); mouse monoclonal and
rabbit polyclonal anti-GFP (Clontech); mouse monoclonal (Promega)
and rabbit polyclonal (Cappel) anti- b -gal; mouse monoclonal anti-En
4D9; and Alexa 488 and 594 secondary antibodies (Molecular
Probes).
Genotypes
The genotypes of larvae were as follows.
ci94 clones, anti-Ptc or anti-En
y w hsp70-flp; FRT42 P[ci+] hsp70-GFP/FRT42; ci94/ci94
enE ci94 clones, dpp-lacZ
y w hsp70-flp; dppP10638 FRT42 P[ci+] hsp70-GFP/FRT42 enE;
ci94/ci94
ptcS2 clones, anti-Ptc
y w hsp70-flp; FRT42 ptcS2/FRT42 P[ci+] hsp70-GFP;
ci94/Dp(1;4)1021[y+]
ptcIIW clones, anti-En
y w hsp70-flp; FRT42 ptcIIW/FRT42 P[ci+] hsp70-GFP;
ci94/Dp(1;4)1021[y+]
enE ptcIIW clones, dpp-lacZ
y w hsp70-flp; FRT42 ptcIIW enE/dppP10638 FRT42 P[ci+] hsp70-GFP;
ci94/Dp(1;4)1021[y+]
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ci94 ptcS2 clones, anti-Ptc, anti-En
y w hsp70-flp; FRT42 ptcS2/FRT42 P[ci+] hsp70-GFP; ci94/ci94
enE ptcIIW ci94 clones, dpp-lacZ
y w hsp70-flp; FRT42 ptcIIW enE/dppP10638 FRT42 P[ci+] hsp70-GFP;
ci94/ci94
Germline clones 
Germline clones were generated by applying a heat shock (1 hour at
37°C) to third instar larvae of the following genotypes.
ci94 germline clones
y w hsp70-flp; FRT42 P[ci+] P[ubi-nlsGFP]/FRT42; ci94/ci94
ci94 ptcIIW germline clones
y w hsp70-flp; FRT42 P[ci+] P[ubi-nlsGFP]/FRT42 ptcIIW; ci94/ci94
ci94 hhAC germline clones
y w hsp70-flp; FRT 82 P[ci+] P[hsp70-GFP] P[ubi-nlsGFP]/FRT82
hhAC; ci94/ci94
Embryos
Adult females were recovered and crossed to y w;
ci94/Dp(1;4)1021[y+] males. Eggs were collected for 3 hour periods
before examination under UV light for GFP fluorescence. Embryos
that lacked GFP fluorescence were selected, aged for 24 hours and
processed for cuticle preparation. ci94/ci94 embryos could be
distinguished from their ci94/Dp(1;4)1021[y+] siblings by the pale
coloration of their denticles.
Zygotic mutant embryos for ci94, ci94 ptcIIW, ci94 hhAC and ci94
wgCX4 were obtained from y w; ci94/Dp(1;4)1021[y+], y w hsp70-flp;
FRT42 ptcIIW/CyO[y+]; ci94/Dp(1;4)1021[y+], y w hsp70-flp; FRT82
hhAC/TM6b[y+]; ci94/Dp(1;4)1021[y+], and y w hsp70-flp;
wgCX4/CyO[y+]; ci94/Dp(1;4)1021[y+] parents, respectively.
Embryos of the correct genotype could unambiguously be identified
by selecting against y+ marked balancer chomosomes. 
RESULTS
Genetic set up
To achieve our goal of activating the Hh pathway proximally
while simultaneously closing it distally, we set out to generate
ptc ci double mutant cells by somatic recombination (Fig. 1).
We introduced a genomic ci+ transgene on the right arm of
chromosome 2. This transgene contains all regulatory and
coding elements for Ci and fully rescues the null ci94 mutation
homozygously present on the fourth chromosome (Méthot and
Basler, 1999; Slusarski et al., 1995). In trans to this ci+
transgene we placed a null allele of ptc, ptcIIW, which is unable
to generate any Ptc protein (Chen and Struhl, 1996). Flp-
mediated recombination at cytological position 42 of
heterozygous animals (Xu and Rubin, 1993) causes the
generation of cell clones that lack any functional copies of the
ptc and ci genes (Fig. 1). Moreover, these mutant cells also lack
functional copies of the marker genes shavenoid (sha, affecting
trichomes) or hsp70-GFP, which allows the detection of these
cells in adult or larval tissues, respectively (Fig. 1).
Below, we analyze the ptc ci double mutant genotype in
three different situations. First Hh target gene expression is
examined in imaginal discs. We then assess the phenotype of
adult clones, and finally we look at pattern formation in the
embryo.
Induction of engrailed and ptc
Hh induces the expression of engrailed (en) at late stages of
wing disc development (Blair, 1992; Sanchez-Herrero et al.,
1996; Strigini and Cohen 1997; Alves et al., 1998). This
induction takes place ectopically in ptc mutant cells located in
the anterior compartment (Fig. 2B). By contrast, the induction
of en expression is completely reverted in ptc ci double mutant
cells (Fig. 2C).
Another target gene of Hh signaling is ptc itself. In all animal
systems examined so far, ptc expression is highly upregulated
in Hh-transducing cells (Forbes et al., 1993; Goodrich et al.,
1996; Marigo et al., 1996). To monitor ptc transcription in ptc
mutant cells, we used the ptcS2 allele, which generates a
signaling-inactive Ptc protein that can be visualized with an
antibody against Ptc (Chen and Struhl, 1996). ptcS2 mutant
cells strongly upregulate the expression of Ptc (Fig. 3B). This
is in contrast to ci94 cells located near the anteroposterior
compartment boundary, in which Ptc upregulation does not
occur in response to Hh secreted from posterior compartment
cells (Fig. 3A). Clones doubly mutant for ci and ptc were also
incapable of upregulating PtcS2 protein (Fig. 3C). We conclude
that Ci is absolutely required for the Hh-induced upregulation
of ptc and en transcription in the wing imaginal disc.
Regulation of dpp transcription
The third case of a Hh target gene examined, dpp, is
complicated by three circumstances. First, dpp expression is
regulated by two different transcriptional activities of Ci
FLP: somatic
recombination
at FRT (    )
ci
P[ci+]
shaptc
P[gfp+]
ci
ptc+ ci+ cells
(heterozygous for markers)
double mutant for ptc and ci
(lacking marker genes)
shaptc
ci
ci
P[ci+] P[gfp+]
ci
ci
shaptc
P[ci+] P[gfp+]
wild-type for ptc and ci
(2 copies of marker genes)
Fig. 1. Genetic set-up to test the role of Ci in the
output of the Hh signal. The genotype of a somatic
cell (top) that undergoes Flp-mediated
recombination in G2 phase to give rise to two
genetically different daughter cells (bottom), one
of which is doubly mutant for ci and ptc, and is
genetically labeled by the shavenoid (sha)
mutation or the lack of green fluorescent protein
(GFP) expression. See text for details.
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(Méthot and Basler, 1999; Müller and Basler, 2000). The
repressor form of Ci prevents basal levels of dpp
expression in anterior cells that do not receive the Hh
signal. ci null mutant cells express low levels of dpp,
irrespective of their position within the anterior
compartment. In Hh-transducing cells, the generation of
Ci[rep] is prevented and Ci[act] is formed instead, which
upregulates the basal transcriptional activity of dpp.
Hence Hh-receiving and non-Hh-receiving anterior cells
react differently to the loss of ci activity by reduction or
gain of dpp transcription, respectively. The second
complication is that dpp is negatively regulated by En
(Sanicola et al., 1995; Méthot et al., 1999). As described above,
ptc mutant cells express En during late wing disc development,
which results in the downregulation of dpp expression. To
circumvent this problem we generated clones of cells that
lacked en together with ptc or ci. Finally, ci mutant cells cause
dpp expression also in neighboring wild-type cells, because
anterior ci– cells secrete low levels of Hh (Dominguez et al.,
1996; Méthot and Basler, 1999). Moreover, the extent
of this non-autonomous dpp induction appears to
depend on the levels of Ptc present in Hh-receiving
cells (see below).
Anterior clones doubly mutant for ci94 and enE
behave in all respects like ci94 single mutant clones
(Méthot and Basler, 1999) and express low levels of
dpp (Fig. 4A). Clones lacking ptcIIW and enE exhibit
very high levels of dpp expression, regardless of their
position within the wing imaginal disc (Fig. 4B). In ptc
en ci triple mutant clones, the levels of dpp expression reverted
to those found in ci en double mutant or ci single mutant
anterior clones (Fig. 4C). We noted one difference between ci
en and ci ptc en clones. Non-autonomous dpp expression is
detected only in a few wild-type cells surrounding ci en clones.
In contrast, widespread non-autonomous dpp transcription is
often associated with ci ptc, or ci ptc en clones (Fig. 4 and data
N. Méthot and K. Basler
Fig. 2. Ci is required for the Hh-mediated induction of En
expression. In this and the subsequent two figures, anterior is
leftwards and dorsal is upwards. Clones lacking ci (A), ptc
(B) and ci ptc (C) are marked by the absence of GFP staining
(green). En protein (red) is expressed in all posterior cells and
a few anterior cells abutting the compartment boundary of late
3rd instar wing imaginal discs (Blair, 1992). (A) En is not
expressed in anterior cells lacking Ci. The anterior origin of
this ci94 clone is determined by the anterior location of the
twin spot (bright green). Posterior ci94 clones do not have
altered En expression. (B) ptcIIW clones ectopically express
En. Note the round, smooth border of these clone (arrow). En
expression in posterior clones is unaffected. (C) Anterior cells
lacking simultaneously ptc and ci do not express En. Note the
‘wiggly’ shape of the clone (arrowhead).
Fig. 3. Ci is required for the Hh-induced upregulation of Ptc
expression. High levels of Ptc protein (red) are found in a
stripe of three to five anterior cells abutting the compartment
boundary, in response to Hh signaling. Elsewhere in the A
compartment, Ptc is expressed at low levels that do not
depend on the Hh signal. (A) Cells lacking Ci do not
upregulate Ptc protein levels when located within the
endogenous Ptc stripe. No ectopic Ptc upregulation is seen in
ci– clones and the low, Hh-independent ptc transcription is
unaffected. (B) Cells that lack functional Ptc protein (in
ptcS2 clones) ectopically express Ptc to levels similar to
those found in the endogenous Ptc stripe. Note the round,
smooth borders of these clones (arrows). (C) Simultaneous
removal of Ptc and Ci function does not cause the induction
of ectopic PtcS2 protein. Ptc also fails to be upregulated in
cells located near the compartment boundary. Note the
‘wiggly’ shape of the clones (arrowheads).
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not shown). This difference is due to the reduced ptc+
dosage as these clones were generated in ptcIIW/+
heterozygous animals. A twofold difference in levels can
cause a discernible effect on the ability of Ptc to sequester
Hh or inhibit the signaling activity of Smo (Chen et al.,
1996; data not shown). No differences, however, were
observed within ptc en ci versus en ci mutant clones. From
this we conclude that maximal activation of the Hh pathway
by removal of ptc has no effect on dpp transcription if Ci is
lacking.
Cell-adhesion states
An important function of Hh signaling during Drosophila
development is the establishment of different cell adhesion
states. Hh-transducing cells sort out from cells that do not
transduce the Hh signal, a phenomenon underlying the
formation and maintenance of the anteroposterior
compartment boundaries (Blair and Ralston, 1997; Rodriguez
and Basler, 1997; Lawrence et al., 1999; Dahmann and Basler,
2000). This behavior is faithfully reproduced by ptc mutant cell
clones. Anterior ptc– cells minimize contact with neighboring
ptc+ cells, causing mutant clones to be round with smooth
borders (arrows in Figs 2, 3). The target genes for this behavior
are unknown. However, we find that ptc ci double mutant cells
mix well with surrounding cells, causing mutant clones to
exhibit ‘wiggly’ boundaries (arrowheads in Figs 2, 3), in-
distinguishable from those of wild-type control clones (not
shown). Hence the Hh-induced establishment of different cell
adhesion states can not bypass Ci.
Adult morphogenesis
For all Hh targets examined so far, Ci was absolutely required
for their Ptc-mediated regulation. We are aware that we cannot
score all Hh target genes individually. Many Hh targets have not
yet been identified in Drosophila, a situation that challenges our
intention to assess the existence of a Ci-independent branch in
the Hh pathway. A close approximation to examine all Hh target
genes, however, is to examine the complex phenotypes of adult
differentiated clones. If the Hh pathway accommodates one or
several Ci-independent branches, and if these can have an effect
on the morphology or behavior of adult cells, they should be
revealed in ptc ci double mutant clones.
Several characteristic defects are associated with ci mutant
wing clones (summarized in Table 1). These include
perturbations of veins L2, L3 and L4, as well as wing
duplications (Fig. 5A,B). Vein L4, which is located in the
posterior compartment, is affected only by ci mutant clones of
anterior origin that migrate posteriorly, owing to a change in
their cell sorting behavior (N. M. and K. B., unpublished
observations; Dahmann and Basler, 2000). Vein L4, disrupted
by the presence of a ci clone, will often bear an ectopic
campaniform sensilla (Fig. 5D), a neuronal organ that is
normally found in association with vein L3 (Cole and Palka,
1982). ci mutant tissue that comprises wing margin territory in
the region of disrupted vein L4 can form socketed bristles (Fig.
5C). These structures are normally only found in the anterior
compartment, and their formation is repressed by the action of
anterior en activity (Hidalgo, 1994). This activity depends on
Ci (see Fig. 2A) and is therefore not present in ci mutant clones
that then form ectopic socketed bristles.
Clones mutant for ptc, on the other hand, behave differently.
Fig. 4. Ci is absolutely required for the proper expression of dpp.
dpp expression (dpp-lacZ in red) is controled by at least three
transcriptional regulators. En represses dpp expression in posterior
cells (Méthot and Basler, 1999; Sanicola et al., 1995). Ci[rep]
prevents dpp expression in far anterior cells, and Ci[act] stimulates
the basal dpp transcription in cells receiving the Hh signal (Méthot
and Basler, 1999). The combined action of these regulators results
in a dpp expression stripe of seven to ten anterior cells abutting the
compartment boundary (Méthot and Basler, 1999). (A) Absence
of ci and en leads to weak ectopic dpp expression in far anterior
(asterisk) and posterior (arrowhead) cells, and a reduction of dpp
expression in anterior cells exposed to Hh (arrow). (B) Removal of
ptc and en results in strong ectopic dpp expression, irrespective of
the clone position. (C) Simultaneous removal of ptc, en and ci
recapitulates the effects of removing only en and ci. In this case
however, non-autonomous dpp expression is enhanced (see text).
Expression levels in A cannot be compared with those in B and C
because different PMT settings were used to record the images in
these two experiments.
Table 1.  ptcIIW ci94 clones have properties similar to ci94 clones in adult wings
Structure affected (number of clones)
Clone type examined Survival in region 1 Vein 2 bifurcation Vein 3 duplication Vein 4 defects Number of wings
ci94 19 10 15 16 36
ptcIIW 1 1 18 0 44
ci94 ptcIIW 12 8 17 19 67
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Very few clones survive in the region between L1 and L2
(‘region 1’), as opposed to ci clones (Table 1; Phillips et al.,
1990). Duplications of L3 are often observed (Fig. 5E), but
never disruption of L4 (Table 1). Clones doubly mutant for ptc
and ci exhibit the same features as ci single mutant clones.
They survive in region 1, give rise to wing duplications, L3
duplication and forking, and cause L4 disruptions with
campaniform sensillae and socketed bristles (Fig. 5F,G; Table
1). Among the numerous clones analyzed, we failed to detect
a property of ptc ci double mutant clones that could not be
observed with ci single mutant clones.
Taken together, the molecular and morphological data
presented here indicate that Ci is absolutely necessary for all
aspects of Hh signaling during wing development. We could
not uncover evidence for any output of Hh signaling that
bypasses Ci. If parallel pathways exist downstream of Ptc, they
must converge on Ci.
Embryonic segmentation in the absence of Ci
Much of what is known about the Hh signaling pathway derives
from studies of the Drosophila embryo where Hh plays a key
role in the establishment of the segmented body pattern
(Nüsslein-Volhard and Wieschaus, 1980). In particular, Hh
signaling is critically involved in the subdivision of the ventral
larval cuticle into alternating bands of naked and denticle-
covered cuticle (Bejsovec and Wieschaus, 1993; Forbes et al.,
1993). Naked cuticle is specified by wg activity in three to four
cell rows anterior to the Wg source, and in one cell row
posteriorly (Bejsovec and Martinez Arias, 1991; Bejsovec and
Wieschaus, 1993; Gritzan et al., 1999; Sanson et al., 1999). wg
itself is a Hh target gene, and is expressed in one row of cells
anterior to the en- and hh-expressing cells (Baker, 1988;
DiNardo et al., 1988; Hidalgo and Ingham, 1990; Ingham,
1993; Ingham et al., 1988). Lack of Hh results in absence of
Wg, and hence absence of naked ventral cuticle (Hidalgo and
Ingham, 1990; Ingham et al., 1991; Bejsovec and Wieschaus,
1993; Fig. 6A,B). Ectopic hh signaling results in an expansion
of the wg expression domain and thus an expansion of naked
cuticle (Ingham, 1993; Tabata and Kornberg, 1994).
If the Hh pathway obligatorily acts through Ci, as concluded
above, it is puzzling that ci mutant embryos differ so obviously
from hh mutant embryos. While cuticles of hh mutant embryos
are short and show a severe ‘lawn of denticle’-phenotype
(Nüsslein-Volhard et al., 1984; Fig. 6B), ci94 mutant embryos
are almost of wild-type size and exhibit a considerable amount
of naked cuticle between denticle belts (Slusarski et al., 1995;
Fig. 6C). There are at least four possible explanations for the
mild segmentation phenotype of ci mutant embryos. (1) The
ci94 allele could not be null in the embryo. (2) Some of the Hh
signal may be transduced by maternally provided ci product.
(3) Ci[rep] may repress some Hh target genes in hh but not ci94
mutant animals. (4) Embryonic cells may be able to transduce
some of the Hh signal by an alternative pathway which
bypasses Ci. Below, we address these points individually.
We have carefully characterized the ci94 allele (Slusarski et
al., 1995) and found it to contain a 5 kb deletion within the ci
locus. This deletion removes the promoter and the first exon of
ci including the sites for transcriptional and translational
initiation (Méthot and Basler, 1999). No Ci protein derived
from this allele can be detected immunologically (Méthot and
N. Méthot and K. Basler
Fig. 5. ptc ci double mutant clones
affect wing morphogenesis in the same
manner as ci single mutant clones. Vein
identities are indicated in A. Clones
were identified via the sha phenotype.
(A-D) Features of wings bearing ci
clones. Lack of Ci results in forking of
L3 (A,B, asterisks), defects in L4 (A,B,
arrows) and the formation of ectopic
wing tissue (B). (C) High magnification
of the tip of L4 in A, showing a
socketed bristle. (D) High magnification
of L4 in A reveals the presence of a
campaniform sensilla. (E) ptcIIW clones
in adult wings often lead to the
duplication of L3. (F,G) ptcIIW ci94
double mutant clones in adult wings
behave like ci94 clones. Wing
duplication (F, asterisk), L4 disruption
with campaniform sensilla (F,G,
arrowhead), socketed bristles at tip of
L4 (G, arrow), and L3 forking (not
shown).
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Basler, 1999; Slusarski et al, 1995). We also investigated the
possibility that maternally contributed ci product weakens the
zygotic null phenotype by generating ci mutant germline
clones. The location of the ci locus on the fourth chromosome
precluded the use of classical mitotic recombination to
generate germline clones. To circumvent this problem, we
made use of a genetic constellation similar to that depicted in
Fig. 1, except that we used as a marker a transgene giving rise
to maternally contributed GFP (P[ubi-nlsGFP]; Luschnig et
al., 2000). ci–/– embryos derived from ci94 mutant germline
clones (Fig. 6I) are indistinguishable from ci–/– embryos
derived from heterozygous mothers (Fig. 6H). Thus, the Hh
signal is not transduced by maternally provided ci product.
We next addressed the possibility that, as in the wing, there
are Hh target genes that are repressed as well as activated by
Ci. In support of this view, we find that the hh mutant
phenotype becomes considerably weaker by the additional
removal of ci. Such double mutant embryos resemble those that
lack only ci (Fig. 6C,D). This argument can be turned around
to deduce that if an embryo lacks ci, it makes no difference
whether it expresses hh or not. This result is a strong indication
that there is no Hh output bypassing Ci.
As a further confirmation that hh– embryos have a stronger
phenotype than ci– embryos because they continuously
generate Ci[rep] we analyzed the cuticles of ciCell/ciCell
embryos. ciCell is an allele that can give rise only to the
repressor form of Ci due to an 8 bp deletion that results in a
truncation of the Ci protein at amino acid 975 (Méthot and
Basler, 1999). ciCell embryos indeed show a segment polarity
phenotype that is stronger than that of ci94 embryos and
resembles more closely that of hh mutant embryos (Fig. 6E).
wg as a target of Ci[rep] in hh mutant embryos
From the above experiments we conclude that hh mutant
Fig. 6. Hh-mediated patterning of the embryonic epidermis is absolutely dependent on Ci activity. In all panels anterior is upwards. Genotypes
are indicated at the bottom of each panel. Embryos derived from mutant germ line clones are labeled with ‘glc’ (I,J). (A-C) The alternation of
naked and denticle-covered cuticle observed in wild-type embryos (A) is severely disrupted in hh mutant animals (B), which are short and
exhibit a ‘lawn-of denticle’ phenotype, but it is only mildly affected in ci mutant embryos (C). (D) hh ci double mutant embryos look
indistinguishable from ci, rather than hh single mutant embryos. (E) Cuticles from ciCell homozygous animals resemble those from hh embryos.
(H,I) No maternal contribution of Ci is required for epidermal patterning. However, in the absence of ptc, some maternal Ci product can
transduce the abnormally early activation of the Hh pathway. (H, K) This causes the phenotype of zygotically ptc ci mutant embryos (K) to be
different from that of ci single mutants (H). In contrast, embryos derived from ptc ci mutant germ line clones (J) look like ci mutants. The main
difference between ci mutant and hh mutant phenotypes must stem from a derepression of wg expression in the ci versus the hh mutant
background. ci wg double mutants (G) are short and exhibit a ‘lawn-of-denticle phenotype’, similar to that of hh mutants. Finally, the absence
of a functional hh gene does not aggravate the ptc mutant phenotype (F,L).
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embryos are more severely affected than ci null mutants,
because some Hh target genes may – in the absence of Hh
signaling – also be a target of Ci[rep]. In a ci null background
no Ci[rep] is made, a situation that may lead to a de-repression
of such genes. As Wg specifies naked cuticle fate, wg is a prime
candidate target gene of Ci[rep] in hh mutant embryos. Late
embryonic expression of wg may be repressed by Ci[rep] in a
hh mutant background, but de-repressed in a ci null context.
To test this hypothesis, we sought to prevent a potential de-
repression of wg expression in the ci null mutant background.
The most effective way to achieve this by genetic means, is to
generate ci wg double mutant embryos. Indeed, while ci single
mutant and ci hh double mutant embryos are close to wild-type
size and show considerable naked cuticle ventrally, ci wg
double mutants are small and exhibit a ‘lawn-of-denticle’
phenotype (Fig. 6G). From this we conclude that the de-
repression of Ci target genes in ci null animals must occur at
the level of wg transcription and not further downstream in the
specification of naked cuticle.
ptc ci double mutant versus ci single mutant
embryos
If indeed no aspect of the Hh signal is able to bypass Ci, the
prediction can be made that ptc ci double mutant and ci single
mutant embryos exhibit identical phenotypes, a condition that
we have shown to be met by wing cells. Surprisingly however,
ptc ci embryos show a higher degree of naked cuticle compared
with ci mutants (Fig. 6K). The double mutant phenotype
clearly differs from that of ptc single mutants that retain only
two isolated denticle rows per segment (Fig. 6F). These
observations suggest that some Hh-transducing activity is still
present in ptc ci mutant embryos and could be taken as
evidence of a Ci-independent output of the Hh signal
transduction pathway. Alternatively, a small amount of
maternally provided Ci protein might account for the residual
Hh-transducing activity in ptc ci mutant animals. As shown
above, this maternal Ci protein is apparently inconsequential
when Hh is secreted normally by en-expressing cells, but it
may be relevant when the pathway is prematurely activated in
ptc mutant animals. To test this possibility, we generated
embryos that lack maternal ci in addition to zygotic ci and ptc.
Such embryos have indeed a phenotype indistinguishable from
that of embryos lacking only ci (Fig. 6H-J). Hence, in the
complete absence of Ci, the loss of ptc activity has no effect
on embryonic segmentation. This result strengthens our
conclusion that the regulation of Ci is the sole output of the Hh
signal.
DISCUSSION
Complex branching schemes with multiple end points have
been suggested to account for the multitude of cellular
responses elicited by individual signal transduction pathways.
We have analyzed whether the pathway transducing the Hh
signal has more than a single end point and come to the
unambiguous conclusion that this is not the case. The most
stringent tool with which questions of pathway linearity can be
addressed is genetics. Yet, the precision of any genetic
approach depends greatly on the quality of alleles used. Our
current analysis is solidly based on well characterized null
alleles, for ci (ci94), hh (hhAC) and ptc (ptcIIW). A critical
assumption that has been validated by the recent completion of
the genome sequence (Adams et al., 2000; Rubin et al, 2000)
is the existence of a single Gli gene (ci) and a single hh gene
in Drosophila, a condition that is not met by any other
genetically amenable model organism. Finally, our analysis is
based on the assumption that the sole effect of the Hh signal
is the inhibition of Ptc activity. This assumption is legitimated
by the observation that the phenotype of ptc mutant animals is
not affected by the status of the hh gene, i.e. ptc mutant
embryos die with identical patterning defects as ptc hh double
mutants (Fig. 6F,L; Ramírez-Weber et al., 2000). Hence
maximal activation of the pathway can be achieved by
genetically removing Ptc.
No Ci protein, no Hh signaling
The key result of our study is the observation that maximal
activation of the Hh pathway (i.e. complete loss of Ptc) has no
discernible effect in the absence of Ci. In our opinion, this can
be taken as evidence against a distal branching in the Hh signal
transduction pathway. Our results do not exclude the existence
of alternative pathways between Smo and Ci (Thérond et al.,
1999; Méthot and Basler, 2000), yet all these putative branches
must converge at Ci.
We note that the indispensability of Ci for Hh signaling also
explains how developmental compartments are formed and
maintained. The essential difference between cells on opposite
sides of the anteroposterior compartment boundary is the
responsiveness to Hh. Posterior compartment cells do not
respond to the Hh signal, even though they are amply exposed
to Hh and appear to possess all but one of the components to
transduce Smo activity. The lack of Ci, however, precludes any
response to Hh and is thus sufficient to create a population of
cells that behaves opposite to that of the anterior, Ci-expressing
compartment.
The default function of Ci
Although we conclude here that Hh signaling has no effect in
the absence of Ci, we also conclude that the converse is not the
case: Ci does have a function in the absence of Hh signaling.
This can be illustrated most effectively by comparing a hh ci
double mutant embryo with a hh single mutant one (Fig. 6B,D).
Although both animals completely lack the Hh signal, the
presence of a functional ci gene considerably increases the
segment polarity phenotype of hh mutants. This effect of Ci is
brought about by the default state of Ci, which is the repressor
function Ci possesses in the absence of Hh input. We have
shown previously that this function is critical for limb
development but not essential for embryogenesis (Méthot and
Basler, 1999). This is because an uncleavable form of Ci, CiU,
can substitute for embryonic Ci in spite of the fact that it cannot
form detectable amounts of Ci[rep]. The severe phenotype of
hh mutant embryos indicates that – although not essential in a
wild-type background – Ci[rep] activity can be detrimental in
circumstances where Hh signaling is abolished. This situation
is reminiscent of the Wg signal transduction pathway, where
the nuclear mediator, dTCF/Pangolin, represses Wg target
genes in the absence of Wg input (Cavallo et al., 1998; Waltzer
and Bienz, 1998). These target genes are partially de-repressed
in the absence of dTCF/Pangolin, resulting in a milder segment
polarity phenotype compared with that of wg null mutants
N. Méthot and K. Basler
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(Cavallo et al., 1998). An analogous case was recently
described for the Notch pathway, where the DNA-binding
factor Suppressor of Hairless (Su(H)) has a repressive effect on
single-minded (sim) transcription in the absence of Notch
activity, yet mediates sim activation upon Notch signaling
(Morel and Schweisguth, 2000). It may be a general principle
that the transcriptional targets of a signaling pathway are
repressed in the absence of the signal. Signal-mediated
induction, therefore, requires both the abolition of this
repression and the concomitant activation of transcription.
Conclusions
Based on our analysis, some predictions can be made regarding
the Hh pathway in other systems. First, loss-of-function
mutations in murine Gli genes are likely to cause phenotypes
different from equivalent mutations in Hedgehog genes. In
particular, even a triple knockout of the Gli1, Gli2 and Gli3
genes, will presumably behave different from combined
mutations in the Sonic, Indian and Desert hedgehog genes. The
main reason for postulating this is the Hh-independent
repressor function of Gli proteins, which appears to be
primarily associated with Gli3. Lack of Shh signaling may lead
to an increase of Gli3 repressor activity, while lack of Gli3
expression has the opposite effect. Hence a double Shh Gli3
mutant may have a considerably milder phenotype than a Shh
single mutant animal.
Second, given the conservation of the Hh transduction
pathway in different species, it is unlikely that the mammalian
Hh pathway contains end points other than Gli proteins. The
critical but genetically challenging test will be the generation
of Gli triple mutant mice and their comparison to animals
which lack in addition the Shh or the Ptc gene.
Third, our results challenge several previous studies that
claim the existence of Ci-independent outputs of the Hh
signaling pathway (see Introduction). Some of these studies
were conducted with a ci null allele, which removes both
activator and repressor functions of Ci. We have previously
shown for the wing imaginal disc that lack of Ci[rep] causes
the ectopic expression of certain Hh target genes (Dominguez
et al., 1996; Méthot and Basler, 1999). We now provide genetic
evidence that this is also the case in embryos. We surmise that
the seemingly Ci-independent expression of Hh-induced target
genes observed by Suzuki and Saigo (2000) and Gallet et al.
(2000) may reflect transcriptional derepression, owing to
removal of Ci[rep]. In addition, we have discovered a maternal
contribution of ci that may not only affect the consequences of
loss of ptc function but also those of experimental hh over-
expression. Our conclusions are difficult to reconcile, however,
with the work of Lessing and Nusse, who have found a Ptc-
sensitive enhancer of the wg gene that does not contain Ci
binding sites (Lessing and Nusse, 1998). It is possible that Ci
can bind to DNA via association with other transcription
factors rather than by its own DNA-binding activity; more
likely, however, this enhancer may be regulated indirectly, by
a repressor produced in response to Ci activity.
Finally, we would like to note that although our results are
satisfying because of their clear-cut outcome, it is actually
surprising that an important signal transduction pathway such
as the Hh pathway has only a single outlet. In the absence of
parallel end points, the diversity of cellular responses to Hh
must be explained by other means. The most likely source for
diversity is the developmental state of the cell transducing Hh.
This ‘developmental state’ depends on the history of the cell
and can be viewed as the repertoire of transcriptional regulators
that affect the interaction of Ci with target genes.
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B. Müller for critically reading the manuscript, and A. Bejsovec for
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Program, the Swiss National Science Foundation and the Kanton of
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